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The pathogenic mycobacteria that cause tuberculosis (TB) and
TB-like diseases in humans and animals elude sterilizing immunity
by residing within an intracellular niche in host macrophages,
where they are protected from microbicidal attack. Recent studies
have emphasized microbial mechanisms for evasion of host de-
fense; less is known about mycobactericidal mechanisms that
remain intact during initial infection. To better understand mac-
rophage mechanisms for restricting mycobacteria growth, we
examined Mycobacterium marinum infection of Drosophila S2
cells. Among �1,000 host genes examined by RNAi depletion, the
lysosomal enzyme �-hexosaminidase was identified as an impor-
tant factor in the control of mycobacterial infection. The impor-
tance of �-hexosaminidase for restricting mycobacterial growth
during mammalian infections was confirmed in macrophages from
�-hexosaminidase knockout mice. �-Hexosaminidase was charac-
terized as a peptidoglycan hydrolase that surprisingly exerts its
mycobactericidal effect at the macrophage plasma membrane
during mycobacteria-induced secretion of lysosomes. Thus, secre-
tion of lysosomal enzymes is a mycobactericidal mechanism that
may have a more general role in host defense.

lysosome � Mycobacterium marinum � RNAi � S2 � bacterial pathogenesis

More than one-third of the world is infected with Mycobac-
terium tuberculosis (Mtb), and tuberculosis (TB) kills more

than 2 million people each year (1). Fewer than 0.1% of infected
people die annually from infection, highlighting the intricate
interplay of host and pathogen that leads to chronic infection.
Once established, infection is lifelong, and adaptive immunity is
required for control of disease. Innate immunity provides the
first line of defense during initial infection, but Mtb has evolved
mechanisms for countering this defense, even exploiting aspects
of it to establish successful infection. Recent studies have
emphasized the important aspects of virulence required for
mycobacterial evasion of macrophage microbicidal activity, but
less is understood about mechanisms of host defense required to
control infection before onset of adaptive immunity. Reasons for
the deficiency in understanding host response include slow
growth of the bacterium, limitation of a natural host range to
humans, and complexity of interactions between the bacterium
and its human host.

Mycobacterium marinum (Mm), a bacterial pathogen of fish
and amphibians, is one of the closest relatives to the Mtb
complex, measured both by similarity in 16S rRNA and by more
complex estimates of the phylogenetic tree (2). The genetic
relatedness, together with similarity in macroscopic and micro-
scopic pathology of diseases caused by Mm and Mtb, has resulted
in wide acceptance of Mm infection as a model for pathogenesis
of TB. Its fast growth rate (five times that of Mtb), and ease of
genetic manipulation have facilitated studies of the organism.
Additionally, Mm has a lower optimum growth temperature than
Mtb, allowing it to cause disease in poikilotherms but remain
innocuous to healthy humans (3).

A particular problem in understanding host–pathogen inter-
actions in TB has been development of unbiased approaches for
identification of factors required for host defense during myco-

bacterial infection. Certain cytokines, including IFN-� and
TNF�, essential for resistance to mycobacteria in studies of both
human and murine susceptibility, were identified through testing
of likely candidates (4) and studies of patients with increased
susceptibility to infection by atypical mycobacteria (5). The
putative Zn2�/Mg2� transporter NRAMP1, required for resis-
tance to several intracellular organisms including mycobacteria,
was identified through analysis of increased susceptibility of
certain inbred strains of mice to infection by intracellular
pathogens (6). Despite these successes, systematic identification
of novel genes involved in host resistance has been a challenge.
RNAi screens in Drosophila S2 cells have become increasingly
popular for identification of host factors involved in microbial
pathogenesis, including genes required for infection by several
intracellular bacterial pathogens, such as Listeria monocytogenes,
Chlamydia trachomatis, Legionella pneumophila, and Mycobac-
terium fortuitum (a distant relative of Mm and the Mtb complex)
(7–11). One drawback to using the S2 model is that these cells
require temperatures of 25–28°C for optimal function; at higher
temperatures S2 cells undergo a heat shock response that can
result in cytotoxicity (12). Most human pathogens (including
Mtb) grow optimally at higher temperatures similar to that of the
human body. Because many pathogens will not undergo their
normal intracellular life cycle at temperatures required by S2
cells, use of these cells often is limited to defining host genes
required for early interactions between bacterium and host cell,
such as receptor binding and microbial uptake.

Because Mm has (i) similarity to Mtb in phylogeny and disease
manifestations and (ii) a consistent growth temperature with S2
cells, Drosophila RNAi libraries should be useful for unbiased
identification of host genes involved in modulating the entire
intracellular life cycle of this organism. We have found that Mm
growth in S2 cells shares many properties with infection of
mammalian macrophages. By using RNAi to determine roles for
host genes during Mm growth in S2 cells, we identified a
mycobactericidal role for the lysosomal enzyme �-hexosamini-
dase. After confirming its importance in restricting intracellular
growth of Mm in mammalian macrophages, we show that
�-hexosaminidase is a peptidoglycan hydrolase (PGH) that
surprisingly is active at the macrophage surface during uptake of
Mm. These findings establish a role for �-hexosaminidase in host
defense against infection by Mm.
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Results
Mm Infects and Proliferates in S2 Cells. Hemocytes, from which S2
cells are derived, have been observed to ingest Mm during
infection of Drosophila melanogaster (13), raising the possibility
that S2 cells could be used as a model host for studying infection
in vitro. S2 cells have been shown to ingest M. fortuitum (10), but
consequences of uptake have not been well characterized. To
determine whether S2 cells could be used to study Mm infection
after uptake, we used fluorescence microscopy to track various
stages of infection. Within 2 h of adding inoculum, GFP-
expressing Mm (MmGFP) were internalized by S2 cells, and
bacterial division could be observed over a 4-day period at 25°C
(Fig. 1 A and B). Increasing the incubation temperature to 28°C
resulted in increased bacterial growth with host cell lysis ob-
served by 3–4 days after infection, kinetics consistent with Mm
growth in murine macrophages. Incubation at temperatures
�28°C resulted in early host cell death (data not shown), likely
because of the Drosophila heat shock response (12).

A survival mechanism used by mycobacteria after macrophage
uptake is the inhibition of phagosome–lysosome fusion. Staining
of live S2 cells with Lysotracker showed that, whereas heat-killed

bacteria were found primarily in acidic compartments, there was
little colocalization of live MmGFP with acidic compartments
(Fig. 1C), demonstrating that Mm were capable of inhibiting
phagosome maturation in S2 cells.

Mm is unique among the studied pathogenic mycobacteria in
that, after macrophage uptake, it escapes from the phagosome
and uses host actin machinery to propel itself through the cytosol
and into neighboring cells (14). To determine whether Mm could
hijack S2 actin machinery, MmGFP-infected S2 cells were
stained with phalloidin, and short actin tails and clouds were
observed in close association with several bacteria (Fig. 1D).
Some pathogens, such as L. monocytogenes, use cholesterol-
dependent cytolysins for lysing phagosome membranes to
facilitate escape into the cytosol. Efficient escape from S2
phagosomes by L. monocytogenes requires supplementation with
exogenous cholesterol (15). However, cholesterol supplementa-
tion had no observable effect on the number of Mm with actin
tails (data not shown). Forty-eight hours after infection, Mm
were observed to propel themselves through S2 cytosol [sup-
porting information (SI) Movie 1]. To confirm that Mm motility
was actin-based, S2 expressing GFP-actin were infected; GFP-
actin was found in the ‘‘comet tails’’ behind motile bacteria (SI
Movie 2). Despite a lower frequency of actin tails observed in
association with bacteria, the kinetics of actin-based motility was
comparable in S2 and mammalian cells. These data demonstrate
that the cell biology of Mm infection is similar in S2 and
mammalian macrophages.

HEXO2 Is Important for Limiting Mm Growth in S2 Cells. To establish
whether flow cytometry was suitable for assessing Mm infection,
S2 cells were infected with MmGFP, and intracellular growth
was determined. Four hours after infection, GFP-positive cells
were barely detectable by flow cytometry (data not shown). In
contrast, 48 h after infection, there was a shift in population of
GFP-positive cells to the right, with an 8-fold increase in mean
fluorescence over that of uninfected cells (Fig. 2A). The overall
increase in fluorescence demonstrates the robust growth of
intracellular Mm in S2 cells.

To identify host factors involved in limiting bacterial growth
in S2 cells, cells were treated with RNAi directed at various
Drosophila genes for 72 h before infection with Mm. Increased
growth of Mm in these cells was taken as preliminary evidence
for involvement of the knocked-down gene in restriction of
bacterial growth. Among the first �1,000 genes screened, knock-
down of two genes led to a consistent increase in bacterial
growth: HEXO2 and ecdysone receptor. Because ecdysone
receptor, which recognizes an insect-specific hormone, is not
expressed in mammalian cells, we focused on HEXO2. HEXO2
encodes a homolog of the �-subunit of the mammalian lysosomal
enzyme �-hexosaminidase. RNAi knockdown of HEXO2 re-
sulted in a 2-fold increase in mean fluorescence of infected S2
cells, and a shift in the population of GFP-positive cells to the
right, indicating increased bacterial load per cell (Fig. 2 A).
Depletion of HEXO2 by RNAi did not affect S2 viability, as
determined by trypan blue exclusion and the Alamar blue cell
viability assay (data not shown). RNAi directed toward HEXO1
(an alternate Drosophila homolog of �-hexosaminidase) did not
affect growth of Mm (Fig. 2 A), suggesting that the HEXO2
isoform was sufficient to control bacterial growth in S2 cells.

Mm Has Increased Survival in HexB�/� Murine Macrophages. Mam-
malian �-hexosaminidase is found in two isoforms, composed of
dimers of �- and �-subunits. The �� heterodimer comprises
�-hexosaminidase A, which degrades GM2 gangliosides in neu-
rons. The �� homodimer comprises �-hexosaminidase B, which
degrades glycosphingolipids in the visceral organs. To determine
whether �-hexosaminidase affected Mm growth in mammalian
macrophages, bone marrow-derived macrophages (BMDM)

Fig. 1. Mm infects and proliferates in S2 cells. (A) S2 cells were infected by
MmGFP and visualized 24 and 72 h after infection. Phase-contrast images are
shown on the left, and immunofluorescence is shown on the right. (B) Mm
growth in S2 cells was enumerated by colony-forming units over a 4-day
period. (C) MmGFP-infected S2 cells were stained with Lysotracker red. (Up-
per) Uptake of live bacilli. (Lower) Uptake of heat-killed bacilli. Fusion of
phagosomes containing heat-killed Mm-containing with lysosomes is indi-
cated by overlap of the entire bacterium with red fluorescence, demonstrat-
ing the low pH (5.5) of the phagosome. Examples of bacteria are indicated by
arrows. (D) Infected S2 cells were fixed and stained with Alexa Fluor 594
phalloidin (red). Actin tails and clouds were found in proximity to intracellular
bacteria.
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from mice deficient in the HEXO2 homolog, HexB, were
infected with Mm. Growth of ingested Mm was 2-fold greater in
the HexB�/� BMDM by 24 h after infection and 4-fold by 72 h
after infection (Fig. 2B). Mm did not grow in either WT or
HexB�/� BMDM after treatment with IFN-� (Fig. 2B), likely
because of recruitment of additional host defenses, such as
inducible nitric-oxide synthase (iNOS) or autophagy responses.

To determine whether absence of �-hexosaminidase led to a
general defect in phagosome–lysosome fusion, we examined the
fate of heat-killed Mm, which traffic to lysosomes in WT BMDM.
Ingested heat-killed bacteria showed extensive colocalization
with Lysotracker in HexB�/� cells (Fig. 2C). There was no
difference in the numbers of heat-killed bacteria found in acidic
compartments in WT and HexB�/� cells (87 � 10% and 83 �

9%, respectively), indicating that phagosome maturation was
unaffected by the absence of �-hexosaminidase. HexB�/� cells
that phagocytosed live Mm showed little colocalization of Ly-
sotracker with ingested organisms, similar to live organisms in
WT macrophages.

�-Hexosaminidase Is Secreted in Response to Mm. An important
aspect of the intracellular survival strategies of pathogenic
mycobacteria is inhibition of phagosome–lysosome fusion. This
raised the question of how, during normal infection, �-hex-
osaminidase might gain access to Mm to achieve its growth-
regulatory effect. Several cytolysin- and hemolysin-containing
bacterial pathogens have been reported to induce exocytosis of
a subset of lysosomes from their cellular host (16, 17). Because
Mm displays contact-dependent hemolysis (18), we hypothesized
that it could induce the secretion of lysosomes from BMDM.
Within 2 h of adding inoculum, dose-dependent secretion of
�-hexosaminidase was observed. At the highest multiplicity of
infection (MOI, 50), 27.7% of total �-hexosaminidase was
secreted, compared with 2.3% from uninfected cells (Fig. 3A).
Only 2.8% was secreted from cells to which an equal number of
latex beads were added, demonstrating that secretion was spe-
cific to Mm, and not a general response to phagocytosis. Release
of lysosomal contents was not a consequence of cell death,
because cell viability was unaffected by infection (Fig. 3B). These
data suggested that Mm may come in contact with �-hexosamini-
dase at the plasma membrane during ingestion, even though its
ability to block phagosome–lysosome fusion prevents efficient
delivery to the Mm-containing phagosome.

To determine whether the absence of �-hexosaminidase in-

Fig. 2. Effect of �-hexosaminidase on intracellular growth of Mm. (A) Flow
cytometry histogram of S2 cells infected by MmGFP 48 h after initiation of
infection. The fluorescence of Mm was greater in HEXO2 RNAi-treated S2 cells,
despite equivalent initial uptake. Histogram is representative of three inde-
pendent experiments. (B) Growth curve of Mm in WT or HexB�/� BMDM. Mm
shows increased intracellular growth in HexB�/� BMDM. Activated BMDM (by
treatment with IFN-� and LPS) did not support growth of the bacilli. The graph
shown is normalized for bacterial uptake (after washing of monolayer) and
representative of three independent experiments. (C) MmGFP-infected
HexB�/� BMDM were stained with Lysotracker red 24 h after initial bacterial
uptake. (Upper) Uptake of live bacilli. (Lower) Uptake of heat-killed bacilli.
Fusion of phagosomes containing heat-killed Mm with lysosomes is indicated
by overlap of the entire bacterium with red fluorescence, demonstrating the
low pH (5.5) of the phagosome. Examples of bacteria are indicated by arrows.

Fig. 3. Mm induces secretion of lysosomes from macrophages. (A) Secretion
of �-hexosaminidase by BMDM was measured 2 h after treatment with buffer
(NB, no bacteria), Mm (MOI of 1, 10, or 50), or latex beads (beads, 50:1). (B)
Viability of BMDM was measured 2 h after addition of inoculum. Cell viability
is displayed as Absinfected/Absuninfected. (C) Secretion of lysosomal enzyme �-glu-
curonidase was measured 2 h after treatment of WT and HexB�/� BMDM with
buffer (uninfected) or Mm (Mm). (D) Secretion of �-hexosaminidase was
measured in Mm-infected WT or HexB�/� BMDM. �-Hexosaminidase activity is
displayed in arbitrary units (A.U.). All assays were done in triplicate.
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hibited macrophage lysosome secretion in response to Mm,
HexB�/� BMDM were incubated with Mm. Mm induced equiv-
alent secretion of the lysosomal enzyme �-glucuronidase from
HexB�/� and WT BMDM (Fig. 3C), demonstrating that Mm-
induced exocytosis of lysosomes is intact in HexB�/� cells. As
expected, HexB�/� BMDM secreted no �-hexosaminidase in
response to Mm (Fig. 3D).

�-Hexosaminidase Is Bactericidal to Mm. To determine whether
�-hexosaminidase could affect bacterial viability directly, puri-
fied �-hexosaminidase was incubated with Mm for 2 h in acidic
and neutral conditions, representing lysosomal and extracellular
milieus, respectively. �-Hexosaminidase killed Mm in a dose-
dependent manner (Fig. 4A). Although killing was more effec-
tive at low pH, mycobactericidal activity was significant even at
neutral pH, suggesting that the enzyme could display bactericidal
effects extracellularly.

As an N-acetyl-�-D-glucosaminidase, �-hexosaminidase is
predicted to hydrolyze the �-1,4-linked glycosidic bond between
the alternating N-acetylglucosamine (NAG) and N-acetylmu-
ramic acid (NAM) subunits that make up the backbone of
peptidoglycan (PG) (Fig. 4B) (19). To determine whether the
bactericidal activity of �-hexosaminidase could result from
degradation of PG, bacterial cell wall hydrolysis was assayed by
zymography. Purified human �-hexosaminidase was spotted
onto polyacrylamide embedded with PG, and PGH activity at pH
7 was determined by methylene blue staining. A zone of clear-
ance, which represents PG hydrolysis, occurred in the presence
of human �-hexosaminidase, but not BSA or buffer alone (Fig.
4C). Lysozyme, a muramidase, was used as a positive control.
Thus, �-hexosaminidase has significant PGH activity, even at
neutral pH. At pH 5, no methylene blue staining was detected
anywhere in the gel (data not shown), precluding analysis of the
effects of specific enzymes on PG degradation. These results
demonstrate that mammalian �-hexosaminidase is a PGH that is
active at neutral pH and may be responsible for damaging or
killing mycobacteria.

Secreted �-Hexosaminidase Controls Mm Infection. The ability of
�-hexosaminidase to kill Mm at neutral pH, the secretion of
lysosomes in response to macrophage interaction with Mm, and
the failure of Mm-containing phagosomes to fuse with lysosomes
suggested that the enzyme might have its bactericidal effect at
the macrophage plasma membrane during the process of inges-
tion. To test this hypothesis, we compared Mm killing by WT and

HexB�/� BMDM in the absence of phagocytosis. BMDM
treated with cytochalasin D, an inhibitor of actin polymerization,
showed markedly decreased uptake of Mm, but had no defect in
secretion of lysosomes in response to Mm (Fig. 5A), suggesting
that the signal for secretion occurs at the plasma membrane. To
assess bacterial killing by extracellular �-hexosaminidase,
BMDM were exposed to Mm, in the absence or presence of
cytochalasin D, and colony-forming units were enumerated after
2 h of incubation. Even in the absence of phagocytosis, twice as
many Mm were recovered from incubation with HexB�/�

BMDM, demonstrating the importance of �-hexosaminidase in
killing extracellular bacteria (Fig. 5B). No significant difference
in mycobactericidal activity was observed between cytochalasin
D-treated and untreated cells, suggesting that, even when phago-
cytosis occurred, the majority of HexB-dependent bacterial
killing occurred at the cell surface.

Discussion
We report the identification of a mycobactericidal role for the
lysosomal enzyme �-hexosaminidase. We have found that mac-
rophages secrete �-hexosaminidase in response to Mm, and this
enzyme inhibits bacterial growth, presumably through its PGH

Fig. 4. �-Hexosaminidase is a mycobactericidal peptidoglycan hydrolase. (A) Mm was incubated with 0, 0.5, 1, 2, and 4 units/ml human �-hexosaminidase.
Bacterial survival was enumerated as colony-forming units on 7H10 agar. Assays were done in triplicate, at pH values of 5 and 7. (B) �-Hexosaminidase is predicted
to hydrolyze the �-1,4-linked glycosidic bond between NAM and NAG, as shown. (C) PG hydrolase activity of �-hexosaminidase was assessed by zymography.
PBS and BSA were negative controls, and lysozyme was used as a positive control.

Fig. 5. �-Hexosaminidase exerts mycobactericidal effects at the cell surface
in the absence of phagocytosis. (A) Secretion of �-hexosaminidase was mea-
sured in response to Mm (MOI of 50) in the presence or absence of 1 �M
cytochalasin D. (B) Mm killing by WT and HexB�/� BMDM was assessed 2 h after
initiation of interaction in the presence or absence of cytochalasin D. All assays
were done in triplicate.
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activity. The finding that �-hexosaminidase restricted growth of
Mm in Drosophila S2 cells was confirmed in vertebrate cells by
using HexB�/� murine macrophages. Initially, these studies
appeared to contain an anomaly, because Mm inhibits phago-
some–lysosome fusion in both S2 cells and macrophages, yet
�-hexosaminidase is a lysosomal enzyme. However, the resolu-
tion of the contradiction arose from our finding that Mm induces
lysosome secretion and release of �-hexosaminidase into the
extracellular milieu, where it manifests mycobactericidal activity.
Our results suggest that the mycobacterial damage and killing
that occurs at the cell surface during secretion of lysosomes is an
important aspect of innate host defense.

In this context, reports that carriers of the Tay-Sachs gene
have increased resistance to TB (20, 21) are very interesting.
Tay-Sachs patients, who fail to make the �-chain and therefore
lack the ��-heterodimer form of �-hexosaminidase, have in-
creased production of HexB (�-subunit) by as much as 200%, as
assayed from both brain tissue (22) and fibroblasts (23). If the ��
isoform is most closely associated with host defense against Mtb,
up-regulation of HexB could explain the possible increase in
resistance to TB in individuals carrying the Tay-Sachs gene.
Consistent with this hypothesis, we found no effect of RNAi-
mediated depletion of HEXO1 (the Drosophila �-chain) on Mm
infection of S2 cells. In addition to �-hexosaminidase, other
lysosomal enzymes and other aspects of innate immunity also
may contribute to bactericidal activity at the cell surface, but the
marked defect of cell surface bacterial killing in the absence of
HexB demonstrates that this enzyme has a central role in the
process. Indeed, inhibition of phagocytosis demonstrated that
the difference in bacterial killing between WT and HexB�/� cells
was unaffected by inhibition of phagocytosis, revealing that the
major role for �-hexosaminidase mycobactericidal activity does
not require ingestion. These findings imply a previously unrec-
ognized benefit of macrophage uptake for mycobacteria; entry
into a compartment lacking �-hexosaminidase and subsequent
inhibition of phagosome maturation result in an environment
protected from �-hexosaminidase-mediated bacterial killing.

Because macrophages serve as the first line of defense against
pathogenic mycobacteria, �-hexosaminidase likely exerts its
antimycobacterial effects on initial encounter with the bacte-
rium, either killing or sufficiently damaging it to overcome its
normal survival strategies. Our in vitro assay for �-hexosamini-
dase killing of Mm demonstrates that the enzyme is cytotoxic to
the bacterium, but does not assess the degree of damage inflicted
to the cell wall. Previous reports have shown that mycobacteria
with weakened cell walls are less resistant to the microbicidal
effects of macrophages (24). Therefore, it is not unexpected that
�-hexosaminidase-inflicted damage could render the bacterium
more susceptible to macrophage killing. It is intriguing to
consider that macrophage secretion of mycobactericidal en-
zymes is a host strategy that has evolved to counter the myco-
bacterial survival strategy of inhibiting phagosome–lysosome
fusion. It has recently been shown that Mtb was recently shown
to transiently colocalize with lysosomes early in infection of
macrophages, before establishing its intracellular niche (25).
Thus, the lysosome secretion we have noted may occur in the
vicinity of the site of bacterial ingestion, and it is feasible that some
bacterial killing may also occur in these early phagolysosomes.

Our data suggest that the role for �-hexosaminidase in
restricting mycobacterial growth occurs early in infection, before
the onset of adaptive immunity. Once macrophages are acti-
vated, the differences between WT and HexB�/� cells become
negligible, as evidenced by the similar growth curves in IFN-�-
activated BMDM. Activation of BMDM results in additional
mechanisms of bacterial killing, including iNOS and autophagy
(26, 27), which result in significantly better control of infection.
Therefore, the antimycobacterial effect of �-hexosaminidase is

likely to have the greatest biological significance before macro-
phage activation by IFN-�.

The in vitro bactericidal property of �-hexosaminidase appears
to be specific to Mm, because neither L. monocytogenes nor
Salmonella typhimurium were killed in the assay (data not
shown). Resistance to �-hexosaminidase is not surprising for
either organism, considering S. typhimurium has a protective
outer membrane, and L. monocytogenes has a very thick layer of
peptidoglycan. Both organisms also have very fast multiplication
rates (20–40 min), which may allow them to multiply before
sufficient damage can occur to kill the bacteria. Our attempts to
extend our findings to Mtb have been unsuccessful (data not
shown), perhaps because of the following possibilities: (i) Mtb
has a three to five times slower growth rate than Mm. The
incubation time for the in vitro assay may not be sufficient for
bacterial killing, allowing Mtb to recover and form colonies on
the agar plates. (ii) The localized concentration of �-hexosamini-
dase may be much higher in vivo than in the in vitro experiments.
(iii) The cell walls of the two species are slightly different. For
example, Mtb is more susceptible to acidic conditions than Mm
for unknown reasons (28). Nonetheless, �-hexosaminidase-
mediated damage to the Mtb cell wall may make the organism
more susceptible to other macrophage killing mechanisms.
�-Hexosaminidase is found predominantly in lysosomes, but it
has also been detected in cytosol, plasma membranes, as well as
human serum, blood plasma, and milk (29–32). The widespread
localization of this enzyme in the human body makes it feasible
that circulation of �-hexosaminidase, in conjunction with ly-
sozyme and other secreted antimicrobial products, may have
significant effects in limiting mycobacterial infection in general.

Materials and Methods
Bacterial Strains and Cell Culture. Wild-type Mm (strain M) and MmGFP were
cultured in Middlebrook 7H9 (Difco) supplemented with 0.2% glycerol/0.05%
Tween 80/10% ADC enrichment (Fisher). Heat-killed bacteria were prepared
by incubation for 30 min at 65°C, and loss of viability was confirmed by plating
on 7H10 plates. S2 cells were cultured in Schneider’s Drosophila media sup-
plemented with 10% heat-inactivated FBS, as described in ref. 33. Macro-
phages were derived from the bone marrow of C57BL/6 or HexB�/� mice (34)
and harvested after 7–21 days.

Microscopy. Infected BMDM and S2 cells were fixed, permeabilized, and
stained with Alexa Fluor 594 phalloidin (Molecular Probes) as described in ref.
14. Infected S2 cells were plated on Con A-coated coverslips for 1 h before
fixation and staining (33). Coverslips were mounted with Prolong antifade
reagent (Molecular Probes). For lysosome colocalization studies, Lysotracker
Red (Molecular Probes) was used to label acidic compartments, as described in
ref. 24. Images were acquired on a Nikon Eclipse TE300 microscope with an
Evolution QEi cooled charge-coupled device (Media Cybernetics) with IPLAB
acquisition software (Scanalytics).

RNAi Library Screen. Drosophila S2 cells were plated at a concentration of 1 �
105 cells per well in 96-well cell culture plates. dsRNA was generated as
previously described in ref. 35 and added to cells at a concentration of 10
�g/ml. Cells were cultured for 3 days at 28°C. dsRNA-treated cells were
replated into 96-well plates and infected with Mm at an MOI of 20. After 2 h
of incubation at 28°C, amikacin was added to the medium for 2 h at a final
concentration of 200 �g/ml to kill uninternalized bacteria (24). After removal
of residual amikacin by washing, fresh media and dsRNA were added to each
well and incubated at 28°C for 48 h. A total of 10,000 cells from each well was
analyzed on a Becton Dickinson LSR2 (BD Biosciences) fitted with a microplate
sampler. Uninfected S2 cells were used to determined background autofluo-
rescence. Mycobacterial growth in each sample was determined relative to
infected cells without RNAi.

Macrophage Infections. Bacteria were washed twice in HBSS without Ca2� and
Mg2� and disrupted into single bacilli by passage through a 26-gauge needle,
added to BMDM, centrifuged at 500 � g for 5 min, and incubated at 32°C in
5% CO2. After 2 h, the infected cells were washed with serum-free medium to
remove extracellular bacteria. For growth curves, BMDM were incubated
further in DMEM containing 2% FBS, 20 mM Hepes, 2% CMG14–12 SN (36) at
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32°C in 5% CO2. Intracellular growth was measured by infecting BMDM with
a MOI of 1 and hypotonically lysing the cells 4, 24, and 72 h after infection.
Colony-forming units were counted on 7H10 agar.

Zymography. A 7.5% polyacrylamide gel containing 0.07% cell wall from
Micrococcus luteus (Sigma) was spotted with 40 �g of �-hexosaminidase, BSA,
or lysozyme, in 5-�l volume. After the enzyme solutions were allowed to
absorb into the gel matrix for 1 h, the gel was washed once in HBSS and
incubated in HBSS for 24 h at 37°C. The gel was stained with methylene blue
for 1 h, and destained in water for 1 h.

In Vitro �-Hexosaminidase Assay for Bactericidal Activity. Mm was disaggre-
gated by passage through a 26-gauge needle as described above. Mm, S.
typhimurium, L. monocytogenes, or Mtb were mixed with 0, 0.5, 1, 2, and 4
units/ml human �-hexosaminidase (Sigma) in 200 �l of HBSS in a 96-well
microtiter plate. After 1.5 h of incubation at 32°C, aliquots of bacteria were
plated on to 7H10 or LB agar plates and enumerated by colony-forming units.

Lysosome Secretion Assays. BMDM from C57BL/6 (WT) or HexB�/� mice (34)
were plated at 5 � 104 cells per well in a 96-well plate. Bacteria washed in HBSS
without Ca2� and Mg2� were spun onto BMDM monolayers in HBSS with Ca2�

and Mg2� in the presence of absence of 1 �M cytochalasin D, as indicated.
After 2 h of incubation at 30°C, supernatants were collected, and cells were
lysed in 0.5% Triton X-100/0.1 M citrate buffer, pH 5. To measure �-hex-
osaminidase activity, 25 �l of 2 mM 4-methylumbelliferyl N-acetyl-�-D-
glucosaminide (Sigma) in 0.2 M sodium acetate buffer, pH 4.8, was incubated
with an equal volume of supernatant or lysate and incubated at 37°C for 1 h.
The reaction was stopped with 100 �l of 0.1 M sodium carbonate buffer, pH
10.5, and released 4-methylumbelliferone was quantitated in a fluorometer
with excitation at 355 nm and emission at 460 nm. The percentage of cellular
�-hexosaminidase that had been secreted was calculated from enzyme activity
of supernatants and lysates. Viability of infected cells was measured by using
the CellTiter-Blue cell viability assay according to the manufacturer’s instruc-
tions (Promega). All experiments were performed in triplicate.
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